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1. INTRODUCTION {#cas14362-sec-0001}
===============

Head and neck cancer is the sixth most common cancer diagnosed globally.[1](#cas14362-bib-0001){ref-type="ref"} Oral squamous cell carcinoma (OSCC) is the most common head and neck cancer.[2](#cas14362-bib-0002){ref-type="ref"} There are more than 350 000 new cases of OSCC every year in the world, and approximately 170 000 people die from OSCC annually.[3](#cas14362-bib-0003){ref-type="ref"} OSCC has a poor prognosis. Currently, the main methods of treatment for OSCC are surgical resection, adjuvant radiotherapy and chemotherapy. Although surgical techniques, radiotherapy and chemotherapy have made great progress over the past 30 years, the 5‐year survival rate of OSCC patients has remained at approximately 50% and has not increased significantly.[4](#cas14362-bib-0004){ref-type="ref"}, [5](#cas14362-bib-0005){ref-type="ref"}, [6](#cas14362-bib-0006){ref-type="ref"} Therefore, in‐depth study of the molecular mechanism of OSCC development is the key to developing new therapeutic strategies and increasing the survival rate of OSCC patients.

Current research shows the presence of circadian clock genes in almost all cells of the human body.[7](#cas14362-bib-0007){ref-type="ref"}, [8](#cas14362-bib-0008){ref-type="ref"} The abnormal expression of circadian clock genes is closely related to the occurrence and development of tumors.[9](#cas14362-bib-0009){ref-type="ref"}, [10](#cas14362-bib-0010){ref-type="ref"} Per1 is an important core clock gene.[11](#cas14362-bib-0011){ref-type="ref"}, [12](#cas14362-bib-0012){ref-type="ref"} Current studies have shown that Per1 expression is reduced in many cancers, such as gastric cancer and non--small cell lung cancer, and that Per1 has an important cancer‐promoting effect,[13](#cas14362-bib-0013){ref-type="ref"}, [14](#cas14362-bib-0014){ref-type="ref"}, [15](#cas14362-bib-0015){ref-type="ref"} but the mechanism of this effect is unclear. We previously found that Per1 expression is decreased in OSCC tissues compared to that in normal tissues, and Per1 expression was significantly associated with TNM clinical stage.[16](#cas14362-bib-0016){ref-type="ref"} However, whether low Per1 expression affects the survival time of OSCC patients and the mechanism of how Per1 promotes the development of OSCC are unclear.

Autophagy is a lysosome‐mediated process that degrades abnormal proteins or damaged organelles in the cytoplasm.[17](#cas14362-bib-0017){ref-type="ref"} Autophagy plays an essential role in the development of tumors,[18](#cas14362-bib-0018){ref-type="ref"}, [19](#cas14362-bib-0019){ref-type="ref"} and autophagy and apoptosis often interact.[20](#cas14362-bib-0020){ref-type="ref"} Recently, in a study on the etiology of cerebral ischemia, Wiebking et al[21](#cas14362-bib-0021){ref-type="ref"} found that autophagy was significantly decreased, and apoptosis was significantly increased in the hippocampal neuronal cells of Per1 knockout mice compared to wild‐type mice, which suggested that Per1 regulates autophagy and apoptosis in hippocampal neurons. However, whether Per1 can regulate tumor cell autophagy is unclear. The AKT/mTOR signaling pathway is frequently activated in the development of many cancers, including OSCC,[22](#cas14362-bib-0022){ref-type="ref"}, [23](#cas14362-bib-0023){ref-type="ref"}, [24](#cas14362-bib-0024){ref-type="ref"} and is a crucial pathway that regulates cell autophagy, apoptosis and proliferation.[25](#cas14362-bib-0025){ref-type="ref"}, [26](#cas14362-bib-0026){ref-type="ref"}, [27](#cas14362-bib-0027){ref-type="ref"} However, it is unclear whether Per1 can regulate autophagy and apoptosis in tumor cells and tumor cell proliferation through the AKT/mTOR pathway.

In this study, we found that Per1 expression is decreased in OSCC tissues and cells and that the mean overall survival time of OSCC patients with low Per1 expression is shorter than that of OSCC patients with high Per1 expression. In addition, OSCC cells in which Per1 was stably inhibited and overexpressed were established and used to demonstrate that Per1 can regulate autophagy and apoptosis in OSCC cells and OSCC cell proliferation in an AKT/mTOR pathway‐dependent manner in vitro and in vivo. Furthermore, we found that autophagy can mediate apoptosis.

2. MATERIAL AND METHODS {#cas14362-sec-0002}
=======================

2.1. Human tissue samples {#cas14362-sec-0003}
-------------------------

Tissue sections obtained from 86 OSCC patients hospitalized in the Oral and Maxillofacial Surgery Department of the First Affiliated Hospital of Chongqing Medical University from January 2009 to December 2011 were embedded in paraffin. Clinicopathological data from the patients are shown in Table [1](#cas14362-tbl-0001){ref-type="table"}. Thirty‐two specimens with adjacent noncancerous tissues were selected from the 86 paraffinized sections as a control group. All patients in this study were diagnosed by pathology, and no other treatments, such as radiotherapy or chemotherapy, were performed before surgery. This study was approved by the Biomedical Ethics Committee of the First Affiliated Hospital of Chongqing Medical University (approval number: 2016‐124), and all patients provided informed consent.

###### 

The expression of Per1 and its relationship with clinicopathological features of patients with OSCC

  Parameters              Total   Per1 expression   *χ* ^2^   *P*‐value   
  ----------------------- ------- ----------------- --------- ----------- ----------------------------------------------
  Tissue type                                                             
  OSCC                    86      54                32        9.348       .002[\*](#cas14362-note-0003){ref-type="fn"}
  ANT                     32      10                22                    
  Age                                                                     
  ≥60                     39      27                12        2.151       .341
  40‐60                   36      22                14                    
  \<40                    11      5                 6                     
  Gender                                                                  
  Male                    48      29                19        0.262       .609
  Female                  38      25                13                    
  Tumor differentiation                                                   
  Well                    30      21                9         2.616       .270
  Moderate                31      16                15                    
  Poor                    25      17                8                     
  T staging                                                               
  T1                      15      5                 10        10.926      .012[\*](#cas14362-note-0003){ref-type="fn"}
  T2                      21      11                10                    
  T3                      32      23                9                     
  T4                      18      15                3                     
  Lymph node metastasis                                                   
  No                      50      24                26        11.184      .001[\*](#cas14362-note-0003){ref-type="fn"}
  Yes                     36      30                6                     
  Clinical stage                                                          
  I                       13      4                 9         15.932      .001[\*](#cas14362-note-0003){ref-type="fn"}
  II                      14      5                 9                     
  III                     38      27                11                    
  IV                      21      18                3                     
  Site                                                                    
  Gingiva                 13      10                3         6.020       .198
  Tongue                  33      24                9                     
  Buccal                  26      14                12                    
  The floor of the oral   8       3                 5                     
  Palate                  6       3                 3                     

*P*‐values reflect the relationship between Per1 expression and clinicopathological parameters with χ^2^ test. *P* \< 0.05 was considered statistically significant.

Abbreviations: ANT, adjacent noncancerous tissues; OSCC, oral squamous cell carcinoma.

*P* \< 0.05. High (score 6‐12), low (score 0‐4).
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2.2. Cell culture and reagents {#cas14362-sec-0004}
------------------------------

Normal oral mucosal HOMEC cells were purchased from Shanghai Bioleaf Biotechnology (Shanghai, China); TSCCA, SCC15 and CAL27 OSCC cells were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology. The cells were cultured in DMEM (Gibco) containing 10% FBS in an incubator containing 5% CO~2~ at 37°C.

2.3. Construction and transfection of Per1 overexpression vectors {#cas14362-sec-0005}
-----------------------------------------------------------------

According to the full‐length open reading frame of Per1 (NM_002616), the lentivirus‐expressing Per1 were designed and synthesized by Shanghai GeneChem. Lentivirus‐expressing Per1 was used to infect SCC15 cells to construct SCC15 cells stably overexpressing Per1 (Per1‐OE SCC15 cells). Scramble plasmid was used to construct lentivirus that was used to infect SCC15 cells as a negative control (Per1‐NC SCC15 cells), and SCC15 cells that did not undergo treatment were used as a blank control (Blank).

2.4. Construction of Per1 interference vectors and cell transfection {#cas14362-sec-0006}
--------------------------------------------------------------------

Lentivirus‐expressing Per1‐shRNA was provided by Shanghai GeneChem. To construct Per1 stable knockdown TSCCA cells (Per1‐shRNA TSCCA cells), Per1‐shRNA lentivirus was used to infect TSCCA cells; scramble plasmid was used to construct lentivirus that was used to infect TSCCA cells as a negative control (Per1‐NC TSCCA cells), and TSCCA cells that did not undergo treatment were used as a blank control (Blank).

2.5. Immunohistochemistry {#cas14362-sec-0007}
-------------------------

Immunohistochemistry was carried out according to the operation instructions of an immunohistochemical detection kit (Beijing, Zhongshan Jinqiao, SP‐9000). Four‐micrometer‐thick paraffinized sections were routinely treated and incubated with primary antibody against Per1 at 4°C overnight. The biotin‐labeled goat anti--rabbit IgG secondary antibody was incubated with the slices for 10 minutes at room temperature. Then, the slices were incubated with streptavidin‐peroxidase for 15 minutes at room temperature, followed by development with DAB. Mayer's hematoxylin was used to counterstain the sections for 2 minutes. Subsequently, the slices were dehydrated and sealed with neutral gum. For the negative control, PBS was used instead of the primary antibody. The obtained immunohistochemical results were reviewed by double grading and semiquantitative grading.[28](#cas14362-bib-0028){ref-type="ref"}

2.6. Quantitative real‐time PCR {#cas14362-sec-0008}
-------------------------------

Total RNA from cells and tissues was extracted according to the instructions of RNAiso Plus (9180, TaKaRa). The total RNA concentration and purity were measured with a Nanodrop ND 2000 (Thermo Scientific). cDNA was generated with a PrimeScript RT Reagent Kit with gDNA Eraser (RR047A, TaKaRa). RT‐PCR was performed using TB Green Premix Ex Taq II (Tli RNaseH Plus) (RR820A, TaKaRa) on an AC‐1000 Thermal Cycler (Bio‐Rad). PCR primers for Per1, AKT, mTOR, LC3B, Beclin1, BAX, Ki67 and the housekeeping gene GAPDH were designed with Oligo 7.0 software, and the sequences of the primers are shown in Table [S1](#cas14362-sup-0002){ref-type="supplementary-material"}. The relative expression level of each gene was determined using the 2^−ΔΔ^ *^C^* ^t^ analysis method.

2.7. Western blotting {#cas14362-sec-0009}
---------------------

Total protein was isolated using RIPA lysis buffer (P0013B; Beyotime) containing 1% PMSF and 2% phosphatase inhibitor. The protein concentration was quantified using a BCA Protein Quantification Kit (P0010; Beyotime), 40 µg of total protein was separated on an 8%‐15% SDS‐PAGE gel and transferred onto a 0.45‐µm PVDF membrane. After blocking for 1 hour at 37°C, the membrane was incubated with primary antibodies against Per1, AKT, p‐AKT, mTOR, p‐mTOR, LC3B, P62, Beclin1, BAX, Ki67 and GAPDH overnight at 4°C. Details of the antibodies are listed in Table [S2](#cas14362-sup-0003){ref-type="supplementary-material"}. Subsequently, the membrane was incubated with HRP‐conjugated secondary antibody at 37°C for 1 hour. The protein bands were detected using an ECL Advance Western blot detection system (Bio‐Rad) with an enhanced chemiluminescent substrate (34577, Thermo Scientific). ImageJ 5.0 software (Windows, 64‐bit Java 1.8.0_112) was used to analyze the gray values of the bands.

2.8. In vivo tumorigenicity assay {#cas14362-sec-0010}
---------------------------------

The use of 10 SPF‐grade BALB/c nu/nu female nude mice (18‐22 g, 4‐6 weeks old) without a specific pathogen in this study was approved by the Chongqing Medical University Laboratory Animal Research Institute. After 1 week of adaptive feeding, the nude mice were randomly divided into the Per1‐OE group and the Per1‐NC group, with five mice in each group. Then, 0.2 mL of Per1‐OE and Per1‐NC SCC15 cell suspensions at a concentration of 5 × 10^6^ cells/mL were subcutaneously injected into the left back of each mouse. Tumor size was measured every 4 days after injection. After 4 weeks, tumor formation was obvious, and the nude mice were killed by cervical dislocation. Then, the tumors were weighed with an electronic balance (A250; Denver Instrument), and the tumor volume (*V*) was calculated using the following formula: *V* = 0.5 × *a* × *b* ^2^ (where *a* is the maximum long diameter and *b* is the minimum short diameter of the tumor). RT‐qPCR was used to detect the mRNA expression levels of Per1, LC3B, Beclin1, BAX and Ki67 in the tumor tissues. The protein expression levels of Per1, AKT, p‐AKT, mTOR, p‐mTOR, LC3B, P62, Beclin1, BAX and Ki67 in the tumor tissues were detected by western blotting. All animal experimental procedures were approved by the Laboratory Animal Use Management Committee of the Experimental Animal Institute of Chongqing Medical University (approval number: 2018‐102).

2.9. Statistical analysis {#cas14362-sec-0011}
-------------------------

GraphPad Prism 7.0 (GraphPad Software) and SPSS 23 (IBM, SPSS) were used for data processing and statistical analysis. The relationships between Per1 expression level and clinicopathological parameters were analyzed using the χ^2^ test. Multivariate analysis with the Cox regression model was used to analyze the statistical significance of survival‐related factors. The Kaplan‐Meier method was used to plot survival curves, and the log‐rank test was used to analyze the difference in overall survival time between the two groups. Statistical comparisons between two independent groups were analyzed using the two‐tailed Student's *t*‐test, and comparisons between three or more means were carried out using one‐way ANOVA. The results are shown as the means ± standard deviations (SD) from at least three independent experiments. A value of *P* \< 0.05 indicated statistical significance.

Other methods are shown in Figure [S1](#cas14362-sup-0004){ref-type="supplementary-material"}.

3. RESULTS {#cas14362-sec-0012}
==========

3.1. Low expression of Per1 is related to poor prognosis in oral squamous cell carcinoma patients {#cas14362-sec-0013}
-------------------------------------------------------------------------------------------------

Immunohistochemistry showed that Per1 expression in OSCC tissues was significantly lower than that in adjacent noncancerous tissues (*P* \< 0.01) (Figure [1A](#cas14362-fig-0001){ref-type="fig"} and Table [1](#cas14362-tbl-0001){ref-type="table"}). Per1 expression was significantly correlated with tumor size, cervical lymph node metastasis and TNM clinical stage (*P* \< 0.05) (Table [1](#cas14362-tbl-0001){ref-type="table"}). Kaplan--Meier survival analysis showed that the mean overall survival times of OSCC patients with low and high Per1 expression levels were 48.4 ± 4.2 months and 64.5 ± 6.5 months, respectively, and that the mean overall survival time of OSCC patients with low Per1 expression was significantly shorter than that of OSCC patients with high Per1 expression (*P* \< 0.05). The 5‐year survival rates of OSCC patients with low and high Per1 expression levels were 40.7% and 59.4%, respectively. That is, the 5‐year survival rate of patients with low Per1 expression was significantly lower than that of patients with high Per1 expression (*P* \< 0.05) (Figure [1B](#cas14362-fig-0001){ref-type="fig"}). Multivariate Cox regression analysis showed that the Per1 expression level is an independent prognostic factor in OSCC patients (Table [2](#cas14362-tbl-0002){ref-type="table"}). These results suggest that Per1 plays an essential role in the development of OSCC.

![Per1 expression is decreased in oral squamous cell carcinoma (OSCC) tissues and cell lines. A, Immunohistochemistry results showed that Per1 expression in OSCC tissues was significantly lower than that in adjacent noncancerous tissues (n = 86; scale bars = 200 μm). B, The mean overall survival time of OSCC patients with low Per1 expression was significantly shorter than that of patients with high Per1 expression. C, D, Western blotting (C) and RT‐qPCR (D) showed that Per1 expression was significantly decreased in TSCCA, CAL27 and SCC15 OSCC cells compared with that in normal oral mucosal HOMEC cells. All data represent three independent experiments. The results are shown as the mean ± SD (n ≥ 3). \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001; \*\*\*\**P* \< .0001](CAS-111-1542-g001){#cas14362-fig-0001}

###### 

Univariate analysis and multivariate analysis of various progression in patients with OSCC Cox regression analysis

                          Univariate analysis                              Multivariate analysis                                                                           
  ----------------------- ------------------------------------------------ ----------------------- -------------- ------------------------------------------------ ------- -------------
  Per1                    .012[\*](#cas14362-note-0005){ref-type="fn"}     0.519                   0.312‐0.864    .040[\*](#cas14362-note-0005){ref-type="fn"}     2.119   1.036‐4.338
  Age                     .578                                             0.915                   0.669‐1.251    .985                                             0.996   0.669‐1.483
  Gender                  .652                                             0.897                   0.561‐1.437    .669                                             0.891   0.525‐1.513
  Tumor differentiation   .357                                             1.149                   0.855‐1.543    .343                                             1.180   0.838‐1.660
  T classification        \<.001[\*](#cas14362-note-0005){ref-type="fn"}   6.513                   4.341‐9.771    \<.001[\*](#cas14362-note-0005){ref-type="fn"}   3.795   2.129‐6.766
  Lymph node metastasis   \<.001[\*](#cas14362-note-0005){ref-type="fn"}   8.133                   4.448‐14.869   .007[\*](#cas14362-note-0005){ref-type="fn"}     2.694   1.319‐5.504
  Clinical stage          \<.001[\*](#cas14362-note-0005){ref-type="fn"}   5.227                   3.540‐7.720    .011[\*](#cas14362-note-0005){ref-type="fn"}     2.378   1.224‐4.620
  Site                    .716                                             0.958                   0.759‐1.208    .899                                             1.017   0.788‐1.311

Abbreviations: CI, confidence interval; HR, hazard ratio; OSCC, oral squamous cell carcinoma.

*P* \< 0.05

John Wiley & Sons, Ltd

3.2. Per1 regulates oral squamous cell carcinoma cell proliferation and apoptosis {#cas14362-sec-0014}
---------------------------------------------------------------------------------

To explore the effect of changes in Per1 expression on the proliferation and apoptosis of OSCC cells, we first detected Per1 expression in normal oral mucosal HOMEC cells and three OSCC cell lines (TSCCA, CAL27 and SCC15 cells) by RT‐qPCR and western blotting. Per1 expression in the three OSCC cells was significantly lower than that in normal oral mucosal cells (*P* \< 0.0001) (Figure [1C](#cas14362-fig-0001){ref-type="fig"},[D](#cas14362-fig-0001){ref-type="fig"}). We selected SCC15 cells, which had the lowest Per1 expression, to stably overexpress Per1 (Per1‐OE SCC15 cells) and TSCCA cells, which had the highest expression of Per1, to stably inhibit Per1 (Per1‐shRNA TSCCA cells). The Per1 overexpression efficiency in Per1‐OE SCC15 cells was 2.14‐fold, and the Per1 knockdown efficiency in Per1‐shRNA TSCCA cells was 61.7% (Figure [2A](#cas14362-fig-0002){ref-type="fig"},[B](#cas14362-fig-0002){ref-type="fig"}).

![Changes in the proliferation and apoptosis of oral squamous cell carcinoma (OSCC) cells after the overexpression and silencing of Per1. A, B, Verification of Per1 overexpression and knockdown efficiency in OSCC cells showed that the mRNA and protein expression of Per1 was significantly higher in Per1‐OE SCC15 cells and lower in TSCCA cells compared to that in control cells. C, Flow cytometry analysis showed that the apoptotic index of Per1‐OE SCC15 cells was significantly increased, while that of Per1‐shRNA TSCCA cells was significantly decreased. D, TUNEL assay showed significantly more TUNEL‐positive Per1‐OE SCC15 cells and significantly fewer TUNEL‐positive Per1‐shRNA TSCCA cells compared to control cells. E, F, CCK8 and MTT assays revealed that the proliferation of Per1‐OE SCC15 cells was significantly decreased, while that of Per1‐shRNA TSCCA cells was significantly increased. All data represent three independent experiments. The results are shown as the mean ± SD (n ≥ 3). \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001; \*\*\*\**P* \< .0001](CAS-111-1542-g002){#cas14362-fig-0002}

Using flow cytometry and TUNEL, CCK8 and MTT assays, we detected the effect of changes in Per1 expression on the apoptosis and proliferation of OSCC cells. Detection of apoptosis by flow cytometry showed that the apoptotic index of Per1‐OE SCC15 cells was significantly increased (*P* \< 0.05), while that of Per1‐shRNA TSCCA cells was significantly decreased (*P* \< 0.05) (Figure [2C](#cas14362-fig-0002){ref-type="fig"}). TUNEL experiments showed that the apoptosis rate in Per1‐OE SCC15 cells was significantly increased (*P* \< 0.05), while that in Per1‐shRNA TSCCA cells was significantly decreased (*P* \< 0.05) (Figure [2D](#cas14362-fig-0002){ref-type="fig"}). The CCK8 and MTT assays showed that the proliferation of Per1‐OE cells was significantly decreased compared with that of the control group (*P* \< 0.05), while the proliferation of Per1‐shRNA TSCCA cells was significantly increased (*P* \< 0.05) (Figure [2E](#cas14362-fig-0002){ref-type="fig"},[F](#cas14362-fig-0002){ref-type="fig"}). In addition, Per1‐shRNA lentivirus was used to infect Per1‐OE SCC15 cells to knock down Per1. It was found that the decreased proliferation and increased apoptosis were significantly rescued (*P* \< 0.05) (Figure S1A--E). All the above results demonstrate that Per1 knockdown in OSCC cells inhibits apoptosis and promotes cell proliferation, whereas the overexpression of Per1 has the opposite effects.

3.3. Per1 regulates autophagy in oral squamous cell carcinoma cells {#cas14362-sec-0015}
-------------------------------------------------------------------

We further explored the effect of Per1 expression changes on autophagy in OSCC cells. As detected by TEM, the density of autophagosomes in Per1‐OE SCC15 cells increased significantly (*P* \< 0.05), while that in Per1‐shRNA TSCCA cells decreased significantly (*P* \< 0.05) compared to the density of autophagosomes in the control group (Figure [3A](#cas14362-fig-0003){ref-type="fig"}). Western blotting showed that the LC3BII/LC3BI ratio and Beclin1 expression in Per1‐OE SCC15 cells were significantly increased (*P* \< 0.05), while P62 expression was significantly decreased (*P* \< 0.05). However, the LC3BII/LC3BI ratio and Beclin1 expression in Per1‐shRNA TSCCA cells were significantly decreased (*P* \< 0.05), while P62 expression was significantly increased (*P* \< 0.05) (Figure [3B](#cas14362-fig-0003){ref-type="fig"}). RT‐qPCR showed that the mRNA expression of LC3B and Beclin1 in Per1‐OE SCC15 cells was significantly increased (*P* \< 0.05). The mRNA expression of LC3B and Beclin1 in Per1‐shRNA TSCCA cells was significantly decreased (*P* \< 0.05) (Figure [3C](#cas14362-fig-0003){ref-type="fig"}). To further detect autophagy flux, the lysosomal inhibitor chloroquine (CQ) was added to the Per1‐OE cells group at a final concentration of 20 µmol/L. After 16 hours, it was found that the expression of LC3BII and P62 was increased significantly (*P* \< 0.05) (Figure [3D](#cas14362-fig-0003){ref-type="fig"}). The above results demonstrate that autophagy in OSCC cells is significantly attenuated by Per1 knockdown, while Per1 overexpression had the opposite effect.

![Changes in autophagy and AKT/mTOR pathway activity in oral squamous cell carcinoma (OSCC) cells after the overexpression and silencing of Per1. A, Transmission electron microscopy assay showed that the autophagosome density in Per1‐OE SCC15 cells was significantly increased, while that in Per1‐shRNA TSCCA cells was significantly decreased (low magnification scale bars = 2 μm; high magnification scale bars = 1 μm). B, Western blotting showed no significant changes in the total protein levels of AKT and mTOR in Per1‐OE SCC15 cells and Per1‐shRNA TSCCA cells. In Per1‐OE SCC15 cells, the expression of p‐AKT, p‐mTOR and P62 was significantly decreased, while the LC3BII/LC3BI ratio and Beclin1 expression were significantly increased. However, in Per1‐shRNA TSCCA cells, the expression of p‐AKT, p‐mTOR and P62 was significantly increased, while the LC3BII/LC3BI ratio and Beclin1 expression were significantly decreased. C, RT‐qPCR analysis revealed that the mRNA expression of LC3B and Beclin1 was significantly increased in Per1‐OE SCC15 cells; however, the mRNA expression of LC3B and Beclin1 was significantly decreased in Per1‐shRNA TSCCA cells. D, Western blotting showed that the LC3BII and P62 expression in Per1‐OE SCC15 cells were significantly increased after addition of the lysosomal inhibitor CQ. All data represent three independent experiments. The results are shown as the mean ± SD (n ≥ 3). \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001; \*\*\*\**P* \< .0001](CAS-111-1542-g003){#cas14362-fig-0003}

3.4. Per1 regulates the AKT/mTOR signaling pathway in oral squamous cell carcinoma cells {#cas14362-sec-0016}
----------------------------------------------------------------------------------------

To determine whether Per1 regulates the AKT/mTOR pathway in OSCC, we examined the expression of AKT, p‐AKT, mTOR and p‐mTOR, which are key molecules in the AKT/mTOR pathway, in Per1‐OE SCC15 and Per1‐shRNA TSCCA cells. Western blotting showed that in Per1‐OE SCC15 cells, the expression of total AKT and mTOR proteins was not significantly changed (*P* *\> *0.05), but the expression of p‐AKT and p‐mTOR was significantly decreased (*P* \< 0.05); in Per1‐shRNA TSCCA cells, there was no significant change in total AKT and mTOR protein expression (*P* \> 0.05), but the expression of p‐AKT and p‐mTOR was significantly increased (*P* \< 0.05) (Figure [3B](#cas14362-fig-0003){ref-type="fig"}). These results demonstrate that Per1 regulates the AKT/mTOR signaling pathway in OSCC cells.

3.5. Per1 regulates autophagy, proliferation and apoptosis in an AKT/mTOR pathway‐dependent manner {#cas14362-sec-0017}
--------------------------------------------------------------------------------------------------

To determine whether the AKT/mTOR signaling pathway is a key pathway for Per1‐mediated regulation of autophagy, apoptosis and proliferation in OSCC, the AKT activator SC79 (HY‐18749; MCE) was added to the Per1‐OE SCC15 cells at a final concentration of 8 µg/mL. After 16 hours, the changes in autophagy, apoptosis and proliferation were detected. After the addition of the AKT activator SC79 to Per1‐OE SCC15 cells, the increased autophagosome density, apoptotic index, apoptotic cell rate, LC3BII/LC3BI ratio and Beclin1 expression due to Per1 overexpression were significantly rescued (*P* \< 0.05) (Figure [4A‐D](#cas14362-fig-0004){ref-type="fig"}), and decreased proliferation and P62 expression were remarkably rescued by SC79 treatment (*P* \< 0.05) (Figure [4D](#cas14362-fig-0004){ref-type="fig"},[E](#cas14362-fig-0004){ref-type="fig"}). To further detect autophagy flux, SC79 was added to Per1‐OE cells with CQ. After 16 hours, it was found that the increased expression of LC3BII was remarkably rescued (*P* \< 0.05), and the expression of P62 increased significantly (*P* \< 0.05) **(**Figure [4F](#cas14362-fig-0004){ref-type="fig"} **)**. These results demonstrate that Per1 regulates autophagy, apoptosis and proliferation in OSCC cells in an AKT/mTOR signaling pathway‐dependent manner.

![Per1 inhibits autophagy in oral squamous cell carcinoma (OSCC) cells and the apoptosis and proliferation of OSCC cells by regulating the AKT/mTOR pathway. A, Transmission electron microscopy experiments revealed that after addition of the AKT activator SC79 to Per1‐OE SCC15 cells, the autophagosome density was significantly reduced (low magnification scale bars = 2 μm; high magnification scale bars = 1 μm). B, Flow cytometry showed that the apoptotic index of Per1‐OE SCC15 cells was significantly reduced after addition of the AKT activator SC79. C, TUNEL assay indicated that the increased TUNEL‐positive rate in Per1‐OE SCC15 cells was remarkably rescued after addition of the AKT activator SC79. D, Western blotting showed that the decreased protein expression of p‐AKT, p‐mTOR and P62 in Per1‐OE SCC15 cells was remarkably increased after addition of the AKT activator SC79, while the increased protein expression of Beclin1 and LC3BII/LC3BIratio were remarkably decreased. E, CCK8 and MTT assays revealed that the proliferation of Per1‐OE SCC15 cells was significantly increased after addition of the AKT activator SC79. F, Western blotting showed that the increased expression of LC3BII in Per1‐OE SCC15 cells with CQ was remarkably decreased after addition of the AKT activator SC79, while the expression of P62 was remarkably increased. All data represent three independent experiments. The results are shown as the mean ± SD (n ≥ 3). \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001; \*\*\*\**P* \< .0001](CAS-111-1542-g004){#cas14362-fig-0004}

3.6. Increased expression of Per1 promotes autophagy‐mediated cell apoptosis {#cas14362-sec-0018}
----------------------------------------------------------------------------

To further explore the relationship between autophagy and apoptosis in OSCC cells, the autophagy inhibitor autophinib (HY‐101920; MCE) was added to the Per1‐OE SCC15 cells at a final concentration of 80 nmol/L. After 16 hours, the changes in autophagy and apoptosis were detected. Compared with those in Per1‐OE SCC15 cells, in Per1‐OE SCC15 cells to which autophinib was added to inhibit autophagy, the autophagosome density, apoptotic index and apoptotic cell rate were significantly lower (*P* \< 0.05) (Figure [5A‐C](#cas14362-fig-0005){ref-type="fig"}). Western blotting showed that the LC3BII/LC3BI ratio and Beclin1 expression were significantly decreased and that P62 expression was significantly increased (*P* \< 0.05) with the addition of autophinib (Figure [5D](#cas14362-fig-0005){ref-type="fig"}). These results indicated that the increased apoptosis in Per1‐OE SCC15 cells was significantly rescued by the addition of the autophagy inhibitor autophinib and demonstrate that Per1‐mediated regulation of apoptosis in OSCC cells is dependent on autophagy regulation.

![Per1 regulates apoptosis depending on autophagy in oral squamous cell carcinoma (OSCC) cells. A, Transmission electron microscopy experiments revealed that after addition of the autophagy inhibitor autophinib to Per1‐OE SCC15 cells, the autophagosome density was significantly reduced (low magnification scale bars = 2 μm; high magnification scale bars = 1 μm). B, Flow cytometry showed that the apoptotic index of Per1‐OE SCC15 cells was significantly reduced after the addition of autophinib. C, TUNEL assay indicated that the increased TUNEL‐positive rate in Per1‐OE SCC15 cells was remarkably decreased after the addition of autophinib. D, Western blotting showed that the decreased protein expression of P62 in Per1‐OE SCC15 cells was remarkably increased after the addition of autophinib, while the increased LC3BII/LC3BI ratio and Beclin1 expression were remarkably decreased. All data represent three independent experiments. The results are shown as the mean ± SD (n ≥ 3). \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001; \*\*\*\**P* \< .0001](CAS-111-1542-g005){#cas14362-fig-0005}

3.7. Overexpression of Per1 suppressed tumor growth in vivo {#cas14362-sec-0019}
-----------------------------------------------------------

An in vivo tumorigenicity assay in nude mice revealed that the weights and volumes of tumors in the Per1‐OE cell group were significantly lower than those in the Per1‐NC cell group (*P* \< 0.05) (Figure [6A](#cas14362-fig-0006){ref-type="fig"}). The growth of tumors in the Per1‐OE cell group was slower than that in the Per1‐NC cell group (*P* \< 0.05) (Figure [6B](#cas14362-fig-0006){ref-type="fig"}). RT‐qPCR showed that Per1, LC3B and BAX mRNA expression was significantly increased in the Per1‐OE cell group compared with that in the Per1‐NC cell group, while Ki67 mRNA expression was significantly decreased (*P* \< 0.05) (Figure [6C](#cas14362-fig-0006){ref-type="fig"}). Western blotting showed no significant differences in AKT and mTOR protein expression between the Per1‐OE cell group and the Per1‐NC cell group (*P* \> 0.05), whereas p‐AKT, p‐mTOR, P62 and Ki67 protein expression was significantly reduced, and the LC3BII/LC3BI ratio and BAX protein expression were significantly increased in the Per1‐OE cell group compared to those in the Per1‐NC cell group (*P* \< 0.05) (Figure [6D](#cas14362-fig-0006){ref-type="fig"}). These findings suggest that AKT/mTOR pathway activity and cell proliferation were inhibited in the Per1‐OE cell group, while autophagy and apoptosis were elevated compared to those in the Per1‐NC cell group. The above results indicate that Per1 overexpression can significantly inhibit the growth of tumors in vivo and that its regulatory mechanism is consistent with the mechanism suggested by the results obtained in vitro.

![Increased expression of Per1 inhibits the tumorigenesis of oral squamous cell carcinoma (OSCC) cells in vivo. A, The weights and volumes of tumors in the Per1‐OE group were significantly lower than those in the Per1‐NC group (N = 5). B, The growth curve from an in vivo tumorigenicity assay showed that subcutaneous tumor growth in the Per1‐OE group was significantly slower than that in the Per1‐NC group. C, Tumor‐forming tissues in vivo were assessed by RT‐qPCR. The mRNA expression levels of Per1, LC3B and BAX in the Per1‐OE group were significantly increased, while the mRNA expression levels of Ki67 were significantly decreased. D, Western blotting was used to detect protein expression in tumor‐forming tissues in vivo. The LC3BII/LC3BI ratio and protein expression of Per1 and BAX were significantly increased in the Per1‐OE group, while the protein expression of p‐AKT, p‐mTOR, P62 and Ki67 was significantly decreased. All data represent three independent experiments. The results are shown as the mean ± SD (n ≥ 3). \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001; \*\*\*\**P* \< .0001](CAS-111-1542-g006){#cas14362-fig-0006}

4. DISCUSSION {#cas14362-sec-0020}
=============

Current studies have shown that the abnormal expression of circadian clock genes is closely related to the occurrence and development of various diseases, such as tumors.[9](#cas14362-bib-0009){ref-type="ref"}, [10](#cas14362-bib-0010){ref-type="ref"}, [29](#cas14362-bib-0029){ref-type="ref"} Fourteen circadian clock genes have been found: Period1, Period2, Period3, Bmal1, Clock, Tim, CK1ε, NPAS2, REV‐ERBs, Dec1/2, Cry1/2 and the ROR. These clock genes regulate approximately 43% of the protein‐coding genes in the human genome. Thus, they have essential regulatory effects on many physiological processes in the body.[30](#cas14362-bib-0030){ref-type="ref"}, [31](#cas14362-bib-0031){ref-type="ref"}, [32](#cas14362-bib-0032){ref-type="ref"} Per1 is among the core circadian clock genes.[11](#cas14362-bib-0011){ref-type="ref"}, [12](#cas14362-bib-0012){ref-type="ref"} In this study, we analyzed 86 OSCC tissues and showed that the mean overall survival time of OSCC patients with low Per1 expression was significantly shorter than that of OSCC patients with high Per1 expression. This result further suggests that Per1 plays an essential role in OSCC development.

Changes in autophagy, apoptosis and proliferation are crucial causes of cancer development.[26](#cas14362-bib-0026){ref-type="ref"}, [33](#cas14362-bib-0033){ref-type="ref"} Recent studies have demonstrated that low Per1 expression can inhibit tumor cell apoptosis and promote proliferation.[14](#cas14362-bib-0014){ref-type="ref"}, [15](#cas14362-bib-0015){ref-type="ref"} The AKT/mTOR signaling pathway is a crucial pathway that regulates apoptosis, proliferation and autophagy,[25](#cas14362-bib-0025){ref-type="ref"}, [27](#cas14362-bib-0027){ref-type="ref"} but whether Per1 can regulate the AKT/mTOR pathway and autophagy in tumor cells remains unclear. In a study of circadian clock gene function in hypothalamic suprachiasmatic nucleus cells, Cao et al[34](#cas14362-bib-0034){ref-type="ref"} observed a significant correlation between Per1 expression and mTOR activity in hypothalamic suprachiasmatic nucleus cells from transgenic Per1 reporter gene mice. Rami et al[35](#cas14362-bib-0035){ref-type="ref"} added rapamycin to primary cultured Per1^−/−^ and wild‐type hippocampal cells and found that autophagy was significantly increased in wild‐type hippocampal cells, while Per1^−/−^ hippocampal neurons were resistant to autophagy induced by rapamycin, suggesting that Per1^−/−^ has an inhibitory effect on autophagy in hippocampal neurons. In this study, Per1‐shRNA TSCCA cells and Per1‐OE SCC15 cells were established by silencing and overexpressing Per1, respectively, in OSCC cells. p‐AKT and p‐mTOR expression levels and cell proliferation were found to be significantly increased, while autophagy and apoptosis were significantly reduced in Per1‐shRNA TSCCA cells compared to those in control cells. The opposite changes were found in Per1‐OE SCC15 cells, and these effects of Per1 overexpression were significant. After addition of an AKT activator to Per1‐OE SCC15 cells, the changes in p‐mTOR expression levels, autophagy, apoptosis and proliferation were all significantly rescued. For in vivo verification, an animal xenograft model was further established using Per1‐OE SCC15 cells, and the effects of Per1 overexpression were the same as those obtained through in vitro experiments. Taken together, these results demonstrate for the first time that Per1 regulates the AKT/mTOR pathway and autophagy in cancer cells and that the AKT/mTOR pathway plays an essential role in Per1‐mediated regulation of autophagy, apoptosis and proliferation.

Changes in autophagy and apoptosis play an essential role in the development of cancer,[33](#cas14362-bib-0033){ref-type="ref"} and autophagy and apoptosis often interact in a complex manner.[36](#cas14362-bib-0036){ref-type="ref"}, [37](#cas14362-bib-0037){ref-type="ref"} Autophagy can inhibit or promote cell apoptosis due to different cell types, environments and stimuli.[38](#cas14362-bib-0038){ref-type="ref"}, [39](#cas14362-bib-0039){ref-type="ref"} In this study, we found that autophagy and apoptosis were significantly increased in Per1‐overexpressing SCC15 cells, but increased apoptosis was significantly rescued after the addition of the autophagy inhibitor autophinib. These results prove that in this study, autophagy had a positive regulatory effect on apoptosis, but the specific regulatory mechanism of this effect remains to be further studied.

In summary, the results of this study demonstrate for the first time that the mean overall survival time of OSCC patients with low Per1 expression was significantly shorter than that of patients with high Per1 expression. Per1 can regulate autophagy‐mediated cell apoptosis and cell proliferation in OSCC cells in an AKT/mTOR pathway‐dependent manner. These findings suggest that Per1 can potentially be used as a valuable therapeutic target for OSCC patients.
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